INTRODUCTION
Genetically, Alzheimer's disease (AD), the most common form of dementia in the elderly, is a characteristic 'complex' disease. It can be divided into two major forms, (i) cases with strong familial clustering, often showing Mendelian disease transmission and typically exhibiting an early (,65 years) or very early (,50 years) age of onset, and (ii) cases of later-onset age (typically well beyond 65 years), showing no obvious familial aggregation. The Mendelian forms of AD are caused by rare and usually highly penetrant mutations in three genes (APP, PSEN1 and PSEN2), all of which alter production of the amyloid-b peptide (Ab), the principal component of b-amyloid in senile plaques (1) . Although probably several additional disease-causing genes remain to be identified for this type of AD, early-onset familial AD accounts for only ,5% of all AD cases (2, 3) . The vast majority of AD is of the second form which, genetically, is much less well characterized. The most common conception is that late-onset AD is likely to be governed by an array of lowpenetrance common risk alleles across a number of different, currently only ill-defined loci. These genes likely affect a variety of pathways, many of which are believed to be involved in the production, aggregation and removal of Ab. Although the total number of AD risk genes (and their precise identity) remains elusive, there is good evidence to suggest that, in combination, they have a substantial impact on disease predisposition and age of onset (reviewed in Ref. 4) .
In the quest to uncover the late-onset AD genes, a vast body of data has been accrued over the past 30 years in well over 1200 studies assessing more than 500 different genes as potential risk factors, mostly using a candidate gene-based approach (5) . However, with the exception of one genetic variant, the 14-allele of the apolipoprotein E gene (APOE) (6,7) none of these candidates has been proven to consistently influence disease risk or onset age in more than a handful of samples. Instead, most reports of 'novel AD genes' have been followed by a large number of conflicting results, challenging prior claims that they may play an important role in contributing to disease risk. Because of the exceedingly large number of studies, it has become virtually impossible to systematically follow, evaluate or interpret these findings. To alleviate this problem, our group has created and continues to maintain a regularly updated online encyclopedia and meta-analysis resource for genetic association studies in AD ('AlzGene'; URL: www.alzgene.org) (5) . The AlzGene database currently lists a total of 32 loci that contain at least one genetic variant showing nominally significant association in allele-based, random-effects meta-analyses of all available published data.
GENOME-WIDE ASSOCIATION STUDIES IN AD
By nature of their design, candidate gene studies typically do not allow conclusions beyond the scope of the initial hypothesis, which usually consists of the genetic elucidation of potential pathogenetic pathways. Genome-wide association studies (GWAS) simultaneously test a very large number of genetic markers, normally several hundreds of thousands, in a largely hypothesis-free (or 'unbiased') fashion. The markers on a GWAS array consist of single nucleotide polymorphisms (SNPs) which are chosen based on their ability to cover common variation in the human genome (for reviews see Refs. 8, 9) . More recent arrays also include probes that allow a systematic assessment of copy-number variants, that is, deletions or multiplications of certain chromosomal segments of variable length. Other, less commonly used GWAS arrays only assay SNPs located in known or predicted coding regions (cSNPs). This leads to an enrichment of potentially functionally relevant variants at the expense of overall genome-wide coverage.
For many genetically complex diseases, the GWAS approach has yielded an unexpectedly large number of genome-wide significant findings that were confirmed by independent follow-up studies (9, 10) . In many instances, these findings promise to advance our understanding of the pathogenetic forces underlying the investigated phenotypes, enabling researchers and clinicians to not only improve diagnostic accuracy, but also to deliver a whole array of new drug targets hopefully leading to more efficient treatment and disease prevention options in the not too distant future. In AD, GWAS results have thus far proved to be less consistent, with the exception of the APOE locus, whose association with AD was identified in all but one study, and always found to be orders of magnitude more significant than any of the newly implicated loci to date. Regardless of the currently observed lack of consistency across studies, the jury is still out as to how many and which of the potential new AD loci will replicate in independent follow-up studies as most of the currently published GWAS have only appeared within the past year.
At the day of this writing (1 August 2009) a total of eight GWAS have been published in AD. Two additional GWAS (Amouyel et al. and Williams) have recently been reported at scientific conferences and are included in this review in anticipation of their forthcoming publication in a peerreviewed journal. In the remainder of this review, we will discuss the characteristics and outcomes of these 10 AD GWAS, with a particular highlight on the main findings and their potential relevance for AD pathogenesis. An overview of these studies can be found in Table 1, an up-to-date  version of this table can be found in the 'GWAS' section on  AlzGene  (URL: http://www.alzgene.org/largescale.asp).
Most emphasis will be laid on findings with independent data available in favor of the original findings (Table 2) .
Grupe et al. (11)
This study, published online in February of 2007, represents the first GWAS in AD. However, owing to its focus on putative functional variants (cSNPs; see above), it is also the lowest-resolution GWAS in AD, and can therefore not be considered 'unbiased' in a strict sense. Overall, 17 000 cSNPs were genotyped first in a screening sample of nearly 800 combined AD cases and controls from the UK. Promising signals were then followed-up in four independent datasets from the UK and USA, totaling 3100 subjects. In addition to APOE 14-linked markers, which were the only ones to exhibit genome-wide significance (smallest P-value ,1 Â 10
28
), the analyses of this GWAS highlighted a total of 16 loci with P-values between 5 Â 10 25 and 1 Â 10 23 ( Table 1) . Four of these, located in GALP, TNK1, PCK1, and one in a hitherto uncharacterized locus on chromosome 14q32.13 (GWA_14q32.13), were particularly highlighted by the authors based on P-values ,1 Â 10 24 across all samples combined. However, none of the observed associations replicated in more than two of the five tested samples. Since its first publication, all of the 16 SNPs have been assessed in independent replication studies, with mixed results (Table 2 ). Five loci (GALP, GWA_14q32.13, LOC651924, PGBD1, TNK1) currently show significant association (P-value 0.05) in AlzGene, and are discussed in more detail below.
GALP encodes 'galanin-like peptide' (GALP), a member of the galanin family of neuropeptides. The associated SNP (rs3745833) codes for a non-synonymous substitution (Ile72Met) in exon 4 of the longest transcript. The common minor C-allele [minor allele frequency (MAF) in Caucasian populations 48%] increases the risk for AD by only 10%. GALP binds galanin receptors 1, 2 and 3 with the highest affinity for galanin receptor 3. Interestingly, galanin and its receptors have been shown to be over-expressed in limbic brain regions affected in AD. Galanin inhibits cholinergic neurotransmission and suppresses long-term potentiation in the hippocampus. Thus, galanin and its related peptides, e.g. GALP, when over-expressed could conceivably worsen AD symptoms (12) . In support of this hypothesis, transgenic mice over-expressing galanin have been reported to display cognitive and neurochemical deficits characteristic of AD (13) .
PGBD1 encodes 'piggyBac transposable element derived 1' (PGBD1), which belongs to the subfamily of piggyBac transposable element derived genes. The associated SNP (rs3800324) codes for a non-synonymous substitution (Gly244Glu) in exon 5. The relatively rare (MAF % 6%) minor A (Glu) allele significantly increases risk for AD by 20% when all published data is combined. PGBD1 is specifically expressed in the brain, however, its exact function is not known. The gene is part of a complex locus encoding zinc finger protein 187 (ZNF187) and PGBD1. ZNF187 encodes a classic C2H2-zinc finger protein, which plays a role in transcriptional regulation (14) . Whether PGBD1 genetically interacts with ZNF187 remains unclear.
TNK1 encodes 'tyrosine kinase, non-receptor 1' (TNK1), a non-receptor tyrosine kinase originally known as 'thirty-eightnegative kinase 1' (15). The AD-associated SNP (rs1554948) represents a synonymous base change at codon 24 in exon 2. The common minor allele (MAF 48%) confers a 15% reduction in AD risk on AlzGene. Although the effect size of this association is relatively modest, its significance (P-value ¼ 2 Â 10
24
) on AlzGene is currently the strongest of any of the GWAS signals proposed in the Grupe et al. study. Furthermore, this association is one of the few showing 'strong' epidemiologic credibility when applying interim grading criteria of the Human Genome Epidemiology Network (16) . As such, it currently is the highest ranking of all meta-analyzable GWAS SNPs in AD. Functionally, it could be interesting with regard to AD because when activated, TNK1 has been reported to enable tumor necrosis factor alpha (TNFa)-induced apoptosis (15) . Thus, TNK1 may act as a novel molecular switch that can determine the properties of TNFa signaling and, potentially, neuronal cell death. Interestingly, the TNFa gene (TNF) is also one of AlzGene's current 'Top Results'.
The remaining two loci from this GWAS showing significant meta-analysis results on AlzGene [LOC651924 (on chromosome 6q24.1) and GWA_14q32. 13] have not yet been assigned to transcripts of known function, so their potential pathogenetic relevance in AD remains unclear. Note that the SNP underlying the latter signal on chromosome 14 (rs11622883) is located 10 Mb distal of another GWAS signal in this chromosomal region [rs11159647, identified by our group (17); Table 1 ]. However, owing to the low linkage disequilibrium (LD) between both markers (r 2 ¼ 0.05, based on CEU HapMap data), these two results very likely represent independent events.
Coon et al. (18) and Reiman et al. (19)
These studies from the Translational Genomics Research Institute (TGEN) refer to the same underlying dataset, and with 500 000 SNPs (from the Affymetrix 500K array) represent the first published high-resolution GWAS in AD. In the first wave of their analyses, Coon et al. reported that upon testing all genotyped SNPs in 1086 neuropathologically confirmed AD cases and controls, the only signal to reach genome-wide significance was elicited by a marker in strong LD with APOE 14 (P-value ¼ 5.3 Â 10
234
). A few months later, the same group reported a re-analysis of their GWAS data (19) , for which they only considered 300 000 SNPs and divided their neuropathological sample into a 'discovery' (736 combined cases and controls), and 'replication' (321 subjects) cohort. This was supplemented by 364 AD cases and controls with 'clinical' (i.e. not neuropathologically confirmed) diagnoses. Upon stratification on APOE 14 genotype, the authors identified genome-wide significant (smallest P-value ¼ 9.7 Â 10
211
) association with five SNPs in GAB2.
Whereas not statistically significant in all of the three analyzed cohorts, the direction of the observed associations were highly consistent across samples suggesting a 2-4-fold increase in risk for AD in carriers of the major alleles. In support of the genetic findings, the authors also reported the results of molecular analyses (see below) suggesting that the observed associations may be due to effects on the phosphorylation of tau protein, one of the two major histopathological hallmarks of AD.
Since the initial report, the potential association between GAB2 and AD risk was investigated in a number of independent case -control and family-based studies, the majority of which supported the notion that variants in GAB2 are associated with AD risk (Table 2) . On AlzGene, all 10 of the meta-analyzed SNPs show evidence of significant association (P-values ranging from 0.03 to 0.0025). The strongest meta-analysis results in terms of effect size are currently observed with rs10793294, for which the minor allele indicates an almost 50% reduction in AD risk [OR ¼ 0.69 (95% CI: 0.54 -0.88); Table 2 ], in agreement with the originally proposed risk effect of the major allele. The casecontrol meta-analyses are confirmed by family-based analyses from our group which suggest a similar reduction of AD risk [OR ¼ 0.76 (95% CI: 0.62-0.94)] in over 4000 subjects from nearly 1300 independent families (20) . Although in most studies, the GAB2 effects appeared stronger in subjects carrying at least one 14-APOE allele, the epidemiological (and molecular) basis of this potential interaction still needs to be further addressed. Overall, owing to the relative consistency across the up to 16 000 individuals in which this association has been tested to date, up to 90% of which originated from datasets independent of the GWAS samples, it appears relatively likely that GAB2 (or a locus in tight LD with it) represents a genuine AD susceptibility factor. As such, it would constitute the first proof-of-concept for the GWAS approach in AD.
GAB2 encodes 'GRB2-associated binding protein 2' (Gab2), a member of a evolutionarily highly conserved gene family characterized by their binding to GRB2 (growth factor receptor-bound protein 2). Of the 10 markers showing significant results on AlzGene, only one (rs1385600) is predicted to map within the coding region of GAB2, where it does not invoke a change in the amino acid sequence. GABfamily proteins function as scaffolding/adapter proteins involved in multiple signaling and transduction pathways. Gab2 is ubiquitously expressed, but is found at particularly high levels in the prefrontal cortex and the hypothalamus. The original GWAS article (19) suggested that changes in Gab2 expression could potentially affect glycogen synthase kinase 3 (Gsk3)-dependent phosphorylation of tau and the formation of neurofibrillary tangles. Moreover, growth factor receptor-bound protein (GRB2), which binds Gab2, also binds tau, APP, presenilin 1 and presenilin 2 (21) . Interactions of these molecules with GRB2 have been proposed to regulate signal transduction (for example, via the extracellular signalregulated kinase (ERK)1,2 pathway). Consequently, Gab2 could conceivably modulate APP processing and/or tau phosphorylation via its interaction with GRB2.
Li et al. (22)
The third AD GWAS studied the same 500 000 SNP panel as the TGEN study using about twice as many subjects, all of Caucasian ancestry originating from Canada (1500 com- ), the authors highlighted four SNPs which showed consistent evidence of association in both investigated samples, none of which reached genome-wide significance (GWAS P
24
). Three of these SNPs [rs10868366, rs7019241 (both in GOLM1), and rs9886784 (in an uncharacterized region on chromosome 9; GWA_9p24.3)] showed association with risk for AD, whereas one SNP [rs10519262 (in an uncharacterized region on chromosome 15; GWA_15q21.2)] showed the strongest association with onset age for AD. Thus far, the only independent replication attempt for these potential AD loci (20) failed to detect any association between disease risk or onset age for any of the implied variants (Table 2) , despite good to excellent power (!85%) to detect the originally suggested effect sizes.
GOLM1, which is also known as GOLPH2, encodes 'golgi membrane protein 1', type II Golgi transmembrane protein. Both SNPs implicated by Li et al. lie deep intronic without any known or obvious functional implication. Therefore, additional independent replication data should be awaited before hypotheses or molecular experiments on the functional relevance of this and the other two unknown loci in AD pathogenesis appear justified.
Poduslo et al. (23)
Owing to the small sample size analyzed, this GWAS probably represents the one with the highest uncertainty with respect to its outcome and relevance for AD. The authors studied a total of nine affected and ten unaffected individuals from two large, multiplex AD pedigrees on the Affymetrix 500K array. The only genome-wide significant association reported was with six SNPs in the TRPC4AP gene on chromosome 20q11 (smallest uncorrected P-value ¼ 5.6 Â 10
211
). Possibly owing to the small number of individuals tested, no association was reported for markers within or in LD with APOE. Follow-up analyses in the remaining available members of the two pedigrees revealed association with a common (40%) 10-SNP haplotype spanning the entire coding region of the TRPC4AP locus. First, and foremost, for their initial subsequent analyses in 284 unrelated cases and controls suggested nominally significant association of the same haplotype with AD risk, however, no other group has yet reported an independent assessment of this association.
TRPC4AP encodes 'transient receptor potential cation channel, subfamily C, member 4 associated protein', which is also known as 'tumor necrosis factor receptor-associated ubiquitous scaffolding and signaling protein' (TRUSS). There is some evidence from in vitro assays that TRUSS may be involved in TNFa-related pathways (24) . This could be of potential relevance to AD, as the regulation of inflammatory responses plays an important role in AD pathogenesis. Furthermore, several cytokines, including the gene encoding TNFa, currently show significant association with AD risk on AlzGene.
Abraham et al. (25)
This GWAS, assaying 560 000 HapMap-based SNPs (using Illumina technology) in a case -control dataset totaling 2300 subjects from the UK, differs from all other currently published AD GWAS by two characteristics. First, and most importantly, for their initial screening, this study utilized DNA pools, rather than individual DNA samples, for genotyping. Although this approach tremendously reduces the overall cost of the GWAS, this economical gain comes at the expense of scientific precision. The problem lies in the fact that genetic association studies, by design, compare genotype or allele frequencies in affected versus unaffected individuals. All statistical results and subsequent inferences will be flawed if the primary frequency estimations are incorrect, which may have appreciably affected the outcome of this study. For the most significant findings, comparisons of pooled GWAS versus individually generated allele frequency estimates averaged differences of 12%, for some SNPs exceeding 40%. Considering that the underlying allele frequency differences between cases versus controls only amount to 2 -6% (depending on the MAF in the general population) for an allelic OR of 1.25 in a combined sample size equivalent to the one studied by Abraham et al., the observed differences between pooled and individual genotypes appear unacceptably large. Second, in the follow-up stage of their study, the authors only increased the number of controls by adding previously published 'general disease' controls from the Wellcome Trust Case-Control Consortium. Thus, this does not represent an independent assessment of the observed associations as the case-group remained unchanged compared to the GWAS screening. Regardless of these methodological limitations, the authors identified APOE 14-related effects as their top finding (smallest P-value ¼ 8.2 Â 10 211 ), followed by nominally significant results for 109 other loci. Of these, the association between SNPs in the LRAT gene (encoding 'lecithin retinol acyltransferase') located on chromosome 4q32 was particularly highlighted. Owing to the potential methodological weaknesses of this study and the complete lack of independent follow-up data, it appears premature to speculate about the potential relevance of this association in AD pathogenesis. Note that the same group recently reported the outcome of a GWAS employing individual genotyping in a much larger, partially overlapping, dataset (Williams, see below), which supersedes the results of this study. In particular, LRAT was not one of the top results reported in the more recent GWAS.
Bertram et al. (17)
This GWAS was conducted by our group and represented the first to employ family-based methods for the initial screening and replication analyses. Overall, we studied DNA samples from 1345 subjects for the primary analyses using the Affymetrix 500K SNP panel, followed-up in 2605 individuals from three independent collections of AD families. Using a novel analytical approach developed by Lange and colleagues (26) , the original GWAS dataset was first screened on the basis of the between-family information -which is statistically independent from the family-based association test-statisticevaluating the evidence for association at a population level to estimate the conditional power for each marker. In a second step, the actual test statistic was computed for all markers using a compound phenotype constructed of affection status and onset age information. The significance of these tests was then assessed on the basis of individually adjusted alpha levels that maintain the overall type 1 error rate and that are weighted on the basis of the conditional power estimate for the corresponding marker from the first screening step. As for all other AD GWAS to date, the by far most significant signal was observed with a marker in strong LD with APOE 14 (P-value 5.7 Â 10 214 ). After correction for the number of tests performed, four non-APOE-related SNPs-none of which was previously described as potential modifier of AD risk or onset age-attained genome-wide significance at an overall alpha level of 5%. Three of these markers showed significant (GWA_14q31.2, CD33), or at least marginally significant (ATXN1; Table 1 ) association consistent with the GWAS findings in follow-up analyses on 2600 DNAs from family-based datasets. The top signal to emerge from these analyses (rs11159647 in a hitherto uncharacterized region on chromosome 14q; GWA_14q31.2) also showed consistent replication in one of the two publicly available GWAS datasets (TGEN, see above). Overall, the convergence of significant results in multiple independent family-based and at least one case -control sample provide compelling evidence implicating the presence of a putative AD locus on chromosome 14q31, and possibly additional loci on chromosomes 6p22 (in or near ATXN1) and 19q13 (in or near CD33).
The SNP at GWA_14q31 resides at position 83 844 962 bp on chromosome 14 in an intron of the Genscan-predicted gene, NT_026437.1360, which spans 723 kb. The coding region of this predicted gene in the region of rs11159647 reveals no significant homologies to other genes or coding regions. Interestingly, the 3 0 end of this predicted gene contains exons with homology to the C2H2-type kruppel-like zincfinger protein 268 (ZNF268) (27) . However, the ADassociated SNP, rs11159647, is .350 kb from the ZNF268 homologous region, and SNPs in this area reveal no strong LD with rs11159647 on HapMap. There are three expressed sequence tags (ESTs) residing within 60 kb on either side of rs11159647, i.e. M85511, CA390254 and AI003603. All three ESTs are expressed in the brain and are encoded within the same region as the predicted gene. However, the predicted exon structure of these ESTs does not align with the predicted exons of NT_026437.1360. Thus, these ESTs may represent exons of separate gene(s) in this region, which are expressed in the brain.
With regard to the other two SNPs identified in our study, rs179943, on 6p22.3 resides within an intron of the ataxin 1 (ATXN1) gene, in which an elongated polyglutamine tract causes the progressive neurodegenerative disease, spinocerebellar ataxia (SCA1). SNP, rs3826656, on 19q33, resides less than 2 kb proximal of the transcription initiation site of CD33. This gene, also known as SIGLEC3, encodes a cellsurface receptor on cells of monocytic or myeloid lineage. It is also a member of the SIGLEC family of lectins that bind sialic acid and regulate the innate immune system via the activation of caspase-dependent and caspase-independent cell-death pathways.
Beecham et al. (28)
The seventh AD GWAS assayed 550 000 HapMap-based SNPs using Illumina technology on nearly 1000 combined AD cases and controls of Caucasian ancestry from the USA. Promising signals were followed-up in 458 independent subjects and by re-analysis of the publicly available TGEN data (see above). The second most significant finding after APOE (P-value ,1 Â 10 220 ), was elicited by a SNP in the FAM113B gene on chromosome 12q13 (P-value ¼ 1.9 Â 10 26 ), a region heavily studied in the AD genetics community based on genetic linkage data pointing slightly proximal to this general region on chromosome 12 (5) . Although assessment in the much smaller follow-up sample suggested consistent and nominally significant (P-value ¼ 0.05) association with the same marker, this SNP could not be tested in the TGEN dataset, and no other study has yet published independent association data at this locus. Of the remaining top ranking GWAS signals that were tested across the Beecham et al. dataset and the TGEN study, four showed consistent evidence of association across both studies [DISC1 on chromosome 1q42, several markers in ZNF224 on chromosome 19q13 (not linked to APOE), as well as two uncharacterized loci on chromosomes 4q28 and 6q14]. However, no results were presented for these latter signals in the authors' own replication sample, so that more data needs to be accrued before any further conclusions can be reached for these loci. Finally, the authors specifically re-analyzed both GWAS datasets for genes included in the AlzGene database, and found nominal evidence of association with a total of eight loci. However, no details were provided for these results, so that these loci, too, should be interpreted with caution until further assessments are published. After consideration of all analyses, the association of FAM113B with AD risk appears as the most meaningful outcome of this GWAS.
FAM113B encodes 'family with sequence similarity 113, member B', a hypothetical protein also known as 'LOC91523'. The SNP found to be associated (rs11610206) maps 8 kb 3 0 of this predicted protein into a chromosomal region that is evolutionarily not highly preserved. The authors also discussed the gene encoding vitamin D receptor as potentially underlying the association signal, however, this gene maps 600 kb proximal of the GWAS marker with no significant LD between the two loci. Meanwhile, little is known about the function of the putative FAM113B protein other than the fact that it contains a SGNH hydrolasetype esterase domain, which also occurs in some esterases and lipases (29) .
Carrasquillo et al. (30)
Shortly after the Beecham et al. study, Younkin and colleagues reported the results of their GWAS on 2100 subjects from the Mayo clinic series using an Illumina array, which assays just over 300 000 HapMap-based markers. The only SNPs to attain genome-wide significance were located on chromosome 19 and showed strong LD with APOE 14 (smallest P-value 4.8 Â 10 246 ). The authors continued to test the 25 most strongly associated GWAS signals (10 in LD with APOE) in an independent series of nearly 2800 combined cases and controls. The only non-APOE-related marker to show Bonferroni-corrected significant P-values was rs5984894 which lies in PCDH11X located in the nonpseudoautosomal region on chromosome X. Accordingly, the association was strongest in females conferring ORs between 1.75 (homozygous) and 1.26 (heterozygous) in carriers versus non-carriers of the putative risk allele. For hemizygous males, a similar trend was observed (OR ¼ 1.18), although this did not reach statistical significance (P-value 0.07). Genotyping of additional PCDH11X SNPs in the combined GWAS and replication series also yielded significant results, one (rs2573905) even slightly exceeding the degree of statistical significance observed for the GWAS marker in this region. This SNP was deemed as particularly interesting as it is located in a relatively well conserved 100 bp region, and also exhibits strong LD (r 2 ¼ 0.98) with the original GWAS marker. Since the publication of these results in February 2009, no other studies have assessed the potential association between PCDH11X and AD risk, so that it is currently impossible to evaluate the epidemiological relevance of this finding. Of all published and reported AD GWAS, however, it is the only to imply an X chromosome locus, which, if confirmed, could at least partially explain the well established increased disease prevalence in women versus men.
PCDH11X encodes 'protocadherin 11 X-linked' (PCHD11X), and belongs to a subfamily genes of the cadherin superfamily. With the possible exception of the 70% conservation between human and mouse of SNP rs2573905, none of the PCDH11X variants implied by Carrasquillo et al. have any proven or predicted functional consequences. Still, some lines of evidence could suggest a possible involvement in AD pathogenesis, namely that its Y-chromosome homologue, PCDH11Y, is a member of the cadherin family of cell surface receptors, which are involved in cell -cell adhesion and signaling, possibly in synaptic junctions (31) . Since some protocadherins have been proposed as g-secretase substrates (32), it would be interesting to test whether PCDH11X competes with APP for g-secretase.
Amouyel et al. (33) and Williams (34) The results of these independently performed GWAS were recently reported at the '2009 International Conference on Alzheimer's Disease' in Vienna, Austria, and have not yet been published in any peer-reviewed journal. Notwithstanding the preliminary status of these GWAS at the day of this writing, they are included here for two reasons: (i) with 14 600 and 16 100 combined cases and controls, respectively, they each have studied at least 3-times more individuals than even the largest previous GWAS in AD; (ii) unlike any other two AD GWAS previously, they independently reported the same genome-wide significant non-APOE-related top result, namely association of AD risk with the same allele of one SNP (rs11136000) in the CLU gene on chromosome 8p21 (Tables 1 and 2) . Methodologically, both studies employed a HapMap-based SNP genotyping approach using a combination of different Illumina arrays for their initial GWAS samples, resulting in similar uncorrected P-values of the CLU association (7.5 Â 10 29 and 1.4 Â 10 29 , respectively). Interestingly, both studies estimated identical effect sizes (OR ¼ 0.86) for the minor (MAF 30%) allele of rs11136000 when comparing carriers versus non-carriers and upon combining GWAS and follow-up datasets. Thus, in carriers of this allele the risk to develop AD would be reduced by 16%. According to calculations presented by the Williams group, however, this effect would explain only 2-3% of total AD risk in the general population, i.e. maximally one tenth of that estimated for APOE 14 (5). Despite the consistency of the association, it should be noted that there was some overlap in datasets across both GWAS so that additional analyses will be necessary to determine the truly independent components of each study.
Due to its functional relatedness with APOE, CLU (also known as APOJ) actually represents one of first studied candidate genes in AD. However, the one published prior study on CLU only tested two SNPs in 920 AD cases and controls, but did not detect any consistent effects (35) . This is not surprising, given that this study only had a theoretical power of 50% to detect an allelic OR of 0.86 at a P-value of 0.05 (in reality, power was likely much less due to the imperfect LD between the markers tested by Tycko et al. and rs11136000, and other study design-related issues). In addition to the association with CLU, each of the two GWAS also detected genome-wide association with one other locus (CR1 and PICALM, Table 1 ), which are not discussed here further owing of the lack of additional data.
CLU encodes 'clusterin' (also known as 'apolipoprotein J'), which is a 75 kDa glycoprotein expressed in all tissues, including the CNS. The associated SNP lies deeply intronic with no known or implied functional consequences. According to data presented by the Williams group, it is in strong LD (r 2 ¼ 0.95) with a synonymous base-change in exon 5 of the CLU gene (rs7982; His315His), which-based on its location, and if confirmed as the underlying functional variant-might possibly be involved in alternative splicing or expressional regulation of the transcript. Of relevance to AD, clusterin has been proposed to bind soluble Ab and transport it from plasma across the blood-brain barrier (36) . Interestingly, apoE has been proposed to transport Ab in the opposite direction, from the brain to the plasma (37) . Thus, apoE and clusterin may both play major roles in regulating cerebral Ab levels based on clearance, and more specifically, transport from and into the brain.
CONCLUSIONS
As for many genetically heterogeneous and complex diseases, the application of genome-wide association screening for the purpose of identifying novel susceptibility genes has gained considerable momentum in the field of AD over the last couple of years. To date, the results of eight published and two provisionally reported AD GWAS have been reported, highlighting over two dozen novel potential AD-associated loci. Whereas only few independent assessments of the reported GWAS signals have been performed yet, based on the data available at the time of this writing, the most compelling and genuine non-APOE-related published GWAS signals have been observed in GAB2, followed by less consistently replicated signals in GALP, PGBD1, TNK1. In addition, con-sistent replication has been announced at a public meeting for CLU. Finally, there are also at least three replicated loci in hitherto uncharacterized genomic regions on chromosomes 14q (2Â) and 6q worthy of further investigation.
As additional GWAS are carried out on larger datasets and higher-resolution arrays, we can expect the list of novel AD gene candidates to keep growing over the coming years. For all of these putative associations, replication attempts and meta-analyses across multiple independent samples will be essential to determine the identity of bona fide AD susceptibility genes. Despite the rapid progress being made in these still early days of the GWAS era, it should be emphasized that for none of the novel AD candidate genes that have thus far emerged from genome-wide screening, do we have conclusive functional genetic evidence that would allow to unequivocally establish any of these loci as genuine AD risk genes. The emergence of such data will require considerable deep re-sequencing efforts in parallel with variant -activity relationship studies using suitable in vitro assays followed by validation in patient materials and/or relevant animal models. Only concurrent research programs involving more comprehensive GWAS of large datasets, replication assessments of GWAS hits in independent samples, and attempts to pinpoint pathogenic DNA variants/mutations in candidate loci will allow to establish 'truly' novel AD genes.
NOTE ADDED IN PROOF
During the typesetting of this manuscript the GWAS data earlier reported by Amouyel et al. (33) and Williams (34) were published. These papers have been added to the reference list as refs (38) and (39) , respectively. Furthermore, a GWAS (40) using quantitative data from MR-imaging in AD patients and controls was published after the freeze date used for this article, highlighting a number of potential new candidate genes not related to APOE, including EFNA5 (chr. 5q21.3), CAND1 (chr. 12q14.3), MAGI2 (chr. 7q21.11), ARSB (chr. 5q14.1), and PRUNE2 (chr. 9q21.13). Please consult the AlzGene website (http://www.alzgene.org) for an up-to-date summary of these and future GWAS in AD.
